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Running title: Coral Reef Microbial Signatures of Protection and Impact

Originality-Significance Statement

Microorganisms play important roles in the biogeochemistry of coral reefs, but our
understanding of reef microbial biogeochemistry in the context of reef health and protection is
lacking. Here we comprehensively analyzed reef seawater microbial biogeochemistry in a
highly protected ‘crown jewel’ Cuban reef-system and compared these features with more
impacted reef-systems within Cuba and the Florida Keys. We demonstrate that protected and
offshore Cuban reefs exhibit higher microbial alpha diversity, elevated community similarity,
and nutrient-based signatures of oligotrophy compared to more impacted and nearshore reefs.
This work suggests that offshore and highly protected reefs harbor distinct microbial
biogeochemical signatures. Additionally, this knowledge may aid resource managers as they
strive to protect and restore Caribbean coral reefs during a significant time of habitat and

climate-based change.



41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

Summary

There are few baseline reef-systems available for understanding the microbiology of healthy
coral reefs and their surrounding seawater. Here, we examined the seawater microbial ecology of
25 Northern Caribbean reefs varying in human impact and protection in Cuba and the Florida
Keys, USA, by measuring nutrient concentrations, microbial abundances, and respiration rates as
well as sequencing bacterial and archaeal amplicons and community functional genes. Overall,
seawater microbial composition and biogeochemistry were influenced by reef location and
hydrography. Seawater from the highly protected ‘crown jewel” offshore reefs in Jardines de la
Reina, Cuba had low concentrations of nutrients and organic carbon, abundant Prochlorococcus,
and high microbial community alpha diversity. Seawater from the less protected system of Los
Canarreos, Cuba had elevated microbial community beta diversity whereas waters from the most
impacted nearshore reefs in the Florida Keys contained high organic carbon and nitrogen
concentrations and potential microbial functions characteristic of microbialized reefs. Each reef-
system had distinct microbial signatures and within this context, we propose that the protection
and offshore nature of Jardines de la Reina may preserve the oligotrophic paradigm and the

metabolic dependence of the community on primary production by picocyanobacteria.
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Introduction

Caribbean coral reefs have undergone dramatic changes over the past 35 years. The
collective impacts of climate change, overfishing, and coastal development have caused shifts in
functioning and energy transfer in coral reef ecosystems and these changes have been
documented at the level of macro-organisms (Carpenter 1988; Gardner et al. 2003; Miller et al.
2009; Valdivia et al. 2017). In contrast, the impacts of these stressors on reef microbial
communities have not been comprehensively documented because molecular techniques for
characterizing uncultivated microbes were unavailable prior to the widespread decline of
Caribbean coral reefs. This has led to critical gaps in our understanding of how microorganisms,
the smallest and most abundant members of Caribbean coral reefs, have changed in abundance,

composition, and function alongside broader ecosystem changes.

Global studies have shown that reefs harbor distinct microbial taxa and genomic
adaptations compared to cells found in off-reef waters (Nelson et al. 2011; Kelly et al. 2014),
suggesting that unique microbial processes occur on coral reefs. Additionally, human impacts
(overfishing, pollution) may lead to shifts in reef trophic structure that favor microbial growth
(Jackson et al. 2001). On coral reefs, this process of ‘microbialization’ begins when grazing
pressure on algae is lessened due to the removal of herbivorous fish and sea urchins (Hughes et
al. 2007; McDole et al. 2012; Haas et al. 2016). Removal of grazers leads to increases in
macroalgae (Hughes et al. 2007). More macroalgae may then lead to increases in the standing
stock of dissolved organic carbon (DOC) within the water column, increases in the abundance,
respiration, and virulence/pathogenicity of heterotrophic microbes, and a net draw down of DOC
(Haas et al. 2016). This mechanistic model is referred to as the DDAM (DOC, disease, algae,

and microbes) model and has been suggested as one of the invisible causes for the global
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degradation of coral reefs (Barott and Rohwer 2012; Haas et al. 2016). Despite the attention
dedicated to understanding the microbiology of declining coral reef ecosystems, there are still
numerous unknowns surrounding the microbiology supporting healthier coral reefs, especially
within the Caribbean, which harbor distinct and less diverse corals communities compared to

Indo-Pacific reefs.

Jardines de la Reina (JR) is a protected reef-system in Cuba that may provide useful
insight into the microbial ecology of relatively healthy Caribbean coral reefs. The reefs of JR
were historically protected from human activities due to their remote nature and are now further
protected because maritime traffic, fishing, and recreational diving and tourism are limited
within the boundary of Marine National Park (est. in 1996) that encapsulates most of the
archipelago. Additionally, Cuba does not currently have large-scale industrialized agriculture or
extensive development along most of its coastline (Galford et al. 2018; Gonzalez-Diaz et al.
2018), minimizing the degree to which nutrient run-off and sedimentation may impact the
surrounding waters. The Ana Maria Gulf, referred to here as the JR gulf, spans the inner sea
between the island of Cuba; JR and is populated by small mangrove keys, extensive seagrass
meadows, and unvegetated sea beds. These features within the JR gulf have likely reduced
pollution as well as human-induced sedimentation and eutrophication (Galford et al. 2018;
Gonzélez-Diaz et al. 2018). Together, the protection of JR from human impacts as well as the
ecological services provided by mangrove and seagrass biomes (Mumby et al. 2004; Guannel et
al. 2016) have likely buffered JR from direct human-induced stressors that plague other reefs in
the Caribbean. As a result, this reef-system is regarded as a ‘crown jewel” because it supports
some of the highest fish biomass (including top predators like sharks and groupers) and coral

cover in the Caribbean (Valdivia et al. 2017; Gonzalez-Diaz et al. 2018).
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The more impacted reef-system of Los Canarreos (CAN), Cuba lies ~230 km to the west
of JR. CAN encompasses three important keys that have less stringent protection compared to
JR: Cayo Largo is an Ecological Reserve and the Rosario and Cantiles Keys are Faunal Refuges.
Due to increased accessibility, reefs within CAN are more impacted by humans through
subsistence and illegal fishing, tourism, and the diving industry compared to the remote and
protected reefs within JR. Fishing has resulted in overexploitation of important finfish and
invertebrates in most of Cuba’s waters with the exception of the central area within JR (Baisre
2017). The proximity of CAN to JR and the higher degree of human impact present an
opportunity to examine the differences in biogeochemistry and microbiology between these two

Cuban reef-systems.

The reef-system of the Florida Keys (FK) is located in close proximity to JR and CAN,
but has experienced more anthropogenic impacts relative to the Cuban reef-systems. Reefs
within FK (spanning ~570 km) are situated close to developed land within FK and South Florida
and development activities have influenced the water quality in Floridian waters (Lapointe and
Clark 1992; Lapointe et al. 2004). Additionally, FK hosts 2-3M tourists annually (Leeworthy et
al. 2010), and many of these visitors engage in water activities such as boating, fishing, and
scuba diving. The health of these reefs has been declining precipitously since they were first
studied: algal phase shifts, eutrophication of the water column with decreases in water quality,
pollution, high prevalence and spread of coral diseases, and loss of coral cover have afflicted
these reefs (Szmant and Forrester 1996; Lapointe et al. 2004; Precht et al. 2016). Additionally,
commercial and recreational fishing have overexploited over 50 species of predatory fish within
FK (Ault et al. 1998; Ault et al. 2006). To combat these stressors, FK was designated as a

national marine sanctuary in 1990 and separated into distinct marine zones. Fishing and
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harvesting of any marine life are prohibited in only a small portion of these zones and public

access to the reefs for recreational fishing and diving is allowed in most areas.

We designed this study to identify field-based microbial signatures of the protected and
relatively healthy reef-system of Jardines de la Reina and to describe how biogeochemistry and
reef water microbial communities change along a gradient of human impact. We expected to
observe microbialized reefs within the Florida Keys compared to the reef-systems in Cuba.
Additionally, we hypothesized that there would be small-scale differences in biogeochemistry
and microbial community composition within each reef-system because we included reefs along
potential hydrographic gradients and different distances from land in order to obtain an

understanding of this variability.

Results

Water sampling and reef surveys were conducted at reef locations across the three reef-systems:
Jardines de la Reina, Cuba (JR; 6 reefs), Los Canarreos, Cuba (CAN; 13 reefs — reef surveys
were conducted at 5 reefs) and the Florida Keys, USA (FK; 6 reefs) (Fig. 1, Table S1). The
sampled reefs were grouped into 5 different subregions -- JR offshore, JR gulf (Ana Maria Gulf),
CAN, FK offshore and FK nearshore — a priori to capture spatial, environmental, and
anthropogenic (when applicable) gradients across each reef-system. At each reef, divers
surveyed the reef composition and then sampled surface (<1 m) and reef-depth seawater (within

1 m of the reef).

Reef composition

By reef-system, average living coral cover was significantly higher (ANOVA, F(2,14) =4.89,p =
0.025) in JR and FK compared to CAN and was similar between JR and FK (Tukey’s multiple

7
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comparisons of means, adjusted p-value <0.05; Fig. 2). In contrast, average total algal cover was
significantly higher (ANOVA, F(2,14) = 5.82, p = 0.014) in CAN compared to JR and similar to
the algal cover in FK (Tukey’s multiple comparisons of means, adjusted p-value <0.05; Fig. 2).
Reef composition also varied locally within each reef-system (Fig. 2). Within JR, the offshore
forereefs (1 and 2) had average coral and algal covers of 27.4% and 52.5%, respectively (Fig. 2,
Table S2). Site 5 within the JR gulf had 55.3% coral cover, the highest measured in this study. In
CAN, the average coral cover among the five surveyed reefs was 5.4% and the algal cover was
85.3% (Fig. 2, Table S2). Of the six reefs surveyed in the Florida Keys, the nearshore site (25) had
the highest macroalgal cover (26.0%) as well as the highest total cover of algae (94.7%) out of all
the Florida sites and the lowest live coral cover (1.9%) out of all of the reefs surveyed (Fig. 2,

Table S2).

Macronutrients

The concentrations of organic and inorganic macronutrients were measured at all sites in seawater
collected from surface and reef-depths. The sampling location of reef-depth seawater varied across
our sites ranging from an average depth of 5.1 m (0.75 — 16 m range) in JR, 5.2 m (1 — 14 m) in
CAN, and 3.8 m (1 — 6 m) in FK (Table S1, Supporting Information Methods). Concentrations of
total organic carbon (TOC) (ANOVA, F(7,27) = 78.19, p < 0.05), total organic nitrogen (TON)
(ANOVA, F(7,74) = 53.44, p < 0.05), and dissolved inorganic nitrogen (nitrite, nitrate, and
ammonium) (ANOVA, F(7,74) = 4.21, p < 0.05) were significantly higher within the JR gulf as
well as nearshore FK compared to the offshore JR reefs (Tukey’s multiple comparisons of means,
adjusted p-value < 0.05; Fig. 3, Fig. S1). Nitrate, nitrite, and ammonium were barely detectable in
offshore JR reef seawater (Fig. 3, Fig. S1). Concentrations of nitrite (ANOVA, F(7,75) = 7.38, p

< 0.05) and nitrate (ANOVA, F(7,76) = 3.39, p < 0.05) were significantly higher in CAN and FK

8



176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

compared to JR (Tukey’s multiple comparisons of means, p < 0.05; Fig. SI). Concentrations of
ammonium were similarly low across most of the reef locations and depths (Fig. SI).
Concentrations of TOC, TON, and silicate (ANOVA, F(7,76) = 14.11, p < 0.05) were significantly
higher (Tukey’s multiple comparisons of means, p < 0.05) in FK nearshore seawater compared to
seawater from other reefs (Fig. 3, Fig. S1). Lastly, nutrient concentrations between surface and
reef-depth seawater within each subregion were not significantly different (ANOVA, p > 0.05;

Fig. 3, Fig. S1).
Microbial abundances and carbon contributions

Across reef-systems, Prochlorococcus abundances were significantly higher (Kruskal-Wallis,
Chi? = 18.33, df = 4, p = 0.001) within JR offshore reef-depth and surface seawater compared to
JR gulf reef-depth seawater, CAN surface and reef-depth seawater, and nearshore FK seawater,
but not significantly different from abundances in FK offshore reef-depth and surface seawater
(Conover’s post-hoc test, adjusted p-value < 0.05, Fig. 4A). In fact, Prochlorococcus was
significantly more abundant (approximately six times higher) in offshore JR (surface and reef-
depth) as well as JR gulf surface seawater compared to JR gulf reef-depth seawater (Fig 4A).
Synechococcus abundances followed the opposite pattern and were on average six-fold higher at
sites located within the JR gulf compared to the offshore JR reefs, but not significantly different
because of variability between reefs (Fig. 4C). The abundance of unpigmented cells, generally
heterotrophic bacteria and archaea, was mostly similar across all reefs and reef-systems, but
elevated within reef-depth gulf seawater (JRS and 6) and highest within nearshore FK seawater
(Fig. 4E). Picoeukaryotic cell abundances were more similar between reef-systems (Fig. S2A).

Calculations of carbon biomass demonstrated that Synechococcus contributed carbon biomass to
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all regions, with up to 12.5 ug of carbon I'! in JR gulf seawater (Fig. 4D). Prochlorococcus

contributed up to 3 ug of carbon I'! in offshore JR reef seawater (Fig. 4B).
Phytoplankton

Chlorophyll a concentrations were generally low (ranging from 0.053 to 0.337 ug I'') (Fig. S3),
but changes in phytoplankton community composition were observed across reef-systems.
Phytoplankton community assemblages from Cuban reefs were dominated by cyanobacteria,
comprising average relative abundances of 39% (JR) and 29% (CAN) of the phytoplankton
community (Fig. 5). In contrast, FK reef seawater had a greater representation of the 11 other
measured phytoplankton functional classes with significantly less cyanobacteria (14 +/- 8%;
ANOVA, F(2,25)=15.98, p =3.38E-5; Tukey multiple comparisons of means, p < 0.05) (Fig. 5).
The relative abundance of diatoms was significantly higher (ANOVA, F(2,25) =4.032, p =0.030)

in FK (16%) compared to JR (5%) (Tukey multiple comparisons of means, p = 0.026) (Fig. 5).
Microbial alpha diversity

Offshore reef seawater in JR had the highest microbial alpha diversity (measured here as
microbial richness), as indicated by number of minimum entropy decomposed (MED) nodes of
bacterial and archaeal SSU rRNA gene amplicons (median of 333.5 (range: 185 - 359) MED
nodes) (Fig. 6). Offshore JR seawater had significantly (Kruskal-Wallis, Chi’?=21.41, df=4,p =
2.6E-4) higher alpha diversity compared to CAN (Dunn’s test, adjusted p = 0.0001; Fig. 6) as
well as FK nearshore reef seawater (Dunn’s test, adjusted p = 0.042; Fig. 6). Offshore FK
seawater had the next highest median alpha diversity (275.5 (range: 141 - 330) MED nodes),
followed by FK nearshore reef seawater (median alpha diversity 202 (range: 101 - 261) MED

nodes). Microbial alpha diversity in CAN reef seawater had the lowest median richness of 140
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(range: 58 - 336) MED nodes (Fig. 6). The variation in microbial alpha diversity between reefs
within CAN as well as FK was larger compared to JR, with the largest range encountered in

CAN (58 - 360 MED nodes) (Fig. 6).

Microbial community composition

A nested permutational multivariate analysis of variance (PERMANOVA; Adonis) test on the
Bray-Curtis dissimilarity index of reef seawater bacterial and archaeal SSU rRNA gene
amplicons grouped into MED nodes indicated that region (reef-system; JR, CAN, or FK),
subregion, reef location, and sampling depth influenced the composition of reef seawater
communities, with reef location contributing the most to variation in community dissimilarity
(Table 1). Additionally, a non-metric multidimensional scaling analysis (NMDS) corroborated
these results (Fig. 7A). At a broader scale, microbial communities collected from the same reet-
system and subregion were more similar to each other (Fig. 7A and 7B). In the NMDS, all CAN
seawater microbial communities were ordinated in the positive plane of the y-axis (NMDS2) and
separated from JR and FK microbial communities (Fig. 7A). Surprisingly, there was high
similarity in community composition between sites 22 and 23 in the FK and the JR offshore
forereefs (JR 1 and 2). Microbial community dispersion was higher and more variable in
seawater collected from CAN and FK offshore compared to JR offshore and JR gulf, indicating

higher beta diversity across these subregions (Fig. 7B).

Within the NMDS, microbial communities sampled within JR ordinated together by
location; microbial compositions from reefs JR 1 and 2 were more similar to each other than to
the other communities sampled from sites located within the JR gulf (Figs. 1D and 7). Compared
to the other reef-systems, all communities from JR grouped closer together and had less variance

in community composition relative to CAN and FK microbial communities (Fig. 7). The pattern
11
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of ordinating by general geographic location was not as evident in microbial communities
collected from CAN and FK (Fig. 7A). Microbial community composition from site 25, one of
the reefs closest to Summerland Key, was more dissimilar from the other FK microbial
communities (Figs. 1B and 7A). Environmental variables were fitted to the NMDS ordination
using vector fitting (‘envfit’ function) and this procedure indicated that picoeukaryote abundance
(R?=0.11, p = 0.040) and nitrite (R*> = 0.33, p = 0.001) and silicate (R? = 0.16, p = 0.010)
concentrations were significantly correlated with the ordination of microbial communities in the

NMDS.
Regionally specific microbial taxa

Reef seawater microbial community composition, assessed using bacterial and archaeal SSU
rRNA gene amplicons, showed some variability at the level of Phylum (Fig. S4). Cyanobacteria
were more abundant within CAN (29.7 + 18.3%; mean and standard deviation) compared to JR
(18.5 £5.8%) and FK (13.2 £ 5.4%) (Fig. S4). Prochlorococcus sequences were 99.2 to 99.6%
identical to MIT9313, a low-light ecotype of Prochlorococcus, and this was the only ecotype
identified within the amplicon-based survey. Bacteroidetes was most represented in FK reef
seawater, with an average relative abundance of 16.8 + 8.3%, and less abundant in JR (12.7 £
5.7%) and in CAN (8.6 + 6.4%) (Fig. S4). Verrucomicrobia also followed the same trend as
Bacteroidetes and had the highest relative abundance in FK reef seawater (2.0 = 1.4%) compared
to JR (0.4 + 0.3%) and CAN (0.6 = 1.6%) (Fig. S4). Euryarchaeota were detected on nearly all
reefs, with average relative abundances of 1.0 + 0.7% in JR, 0.7 + 0.8% in CAN, and 1.3 + 1.8%

in FK (Fig. S4).

Enrichment comparisons of specific taxa within reef-depth seawater collected from the

most biogeochemically distinct reef-systems of JR and FK revealed that 44 discrete MED nodes
12
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were differentially abundant (p-adjusted <0.05, Benjamini-Hochberg correction for multiple
testing) (Fig. 8). The 34 enriched taxa in JR belonged to microbial groups typically found in reef
seawater environments. Alphaproteobacteria comprised 29% of the enriched MED nodes,
including the SAR116 clade, Surface 1 and 2 groups within the SAR11 clade, and
Rhodobacteraceae (Fig. 8). Cyanobacteria accounted for 20.6% of reads enriched within JR
seawater, with most of the representative MED node sequences identifying as Synechococcus.
Lastly, while the prevalence of Archaea was low across the entire dataset, MED nodes affiliated
with Marine Groups II and III within the Thermoplasmata were significantly enriched in JR
communities (5.8% of enriched sequences) (Fig. 8). MED nodes significantly depleted in JR and
enriched in FK reef-depth seawater were mostly comprised of Bacteroidetes (50%),
Alphaproteobacteria (20%), and Verrucomicrobia (20%) (Fig. 8). More specifically, MED nodes
affiliated with Formosa and Coraliomargarita were enriched within FK seawater compared to
seawater collected from JR (Fig. 8). All of these MED nodes were present across the dataset at

low relative abundances (Table S3).

Functional differences between Jardines de la Reina and the Florida Keys

Metagenomic sequencing and analysis of the whole microbial community (eukaryotes, bacteria,
archaea, and DNA viruses) in reef-depth seawater from JR and FK resulted in 163 significantly
different functional genes (Fig. 9). These genes were grouped into KEGG modules as well as
metabolic pathways. JR metagenomes were enriched in photosynthesis and nitrogen metabolism
pathways (Fig. S7) and the KEGG modules of nitrate assimilation, assimilatory nitrate reduction,
the capsular polysaccharide transport system, and the NAD(P)H: quinone oxidoreductase
enzyme (for chloroplasts and cyanobacteria) (Table 2). Metabolic pathways enriched in FK

included fructose and mannose metabolism, pentose and glucoranate interconversions,
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lipopolysaccharide biosynthesis, toluene degradation, valine, leucine and isoleucine biosynthesis,
as well as the microbial metabolisms in diverse environments category (including degradation
and metabolism of xenobiotics, and energy metabolism of diverse compounds) and pathway
coverage ranged from 0.02 to 0.1 (Table 2). The KEGG modules that were enriched in FK
included fumarate reductase and the degradation step of benzene to catechol involved in benzene

degradation with module coverages ranging from 0.2 to 1 (Table 2).
Community respiration rates

Water column community respiration was determined by monitoring oxygen through time in
dark incubations. Most of the reefs (81%) had positive community respiration rates that ranged
from 0.3 to 16.7 pmol of Oz consumed I'! d! (Fig. 10). The highest respiration rate of 16.7 umol
O, I'! d'! was measured in offshore FK seawater collected from site 21. Negative respiration
rates, implying net oxygen production, were observed in seawater collected from JR 4, CAN 9,
and sites FK 23 and 24 (Fig. 10). These values ranged from 0.3-6.9 pmol of Oz produced, with

the highest Oz production at site FK 23 (Fig. 10).

Across reef-system relationships between microbial diversity, microbial abundances, and coral

cover

Relationships were examined across the measured parameters, and for brevity only those with
significant results are reported. There was a significant negative regression (R?>= 0.33, p=0.010,
Fig. 11A) between microbial community alpha diversity and heterotrophic cell abundance across
JR and the FK, with less microbial alpha diversity and slightly higher heterotrophic abundance in
FK nearshore reef seawater. However, this regression was not significant when seawater from

CAN was included (R? =-0.02, p = 0.49, Fig. 11B). We also detected a significant positive
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regression between the abundance of picocyanobacteria (summation of Prochlorococcus and
Synechococcus cell abundances) and coral cover across the reef-systems (R?= 0.54, p = 0.001,

Fig. S5).

Discussion

This study compared reef seawater biogeochemistry and microbial communities between
protected and impacted Northern Caribbean reefs with the goal of deciphering distinct microbial
features. We found that Jardines de la Reina is an oligotrophic reef-system characterized by
taxonomically diverse microbial communities with high community similarity and abundant
picocyanobacterial biomass, whereas Los Canarreos and the Florida Keys reefs experience more
spatial variability in reef seawater microbial community alpha diversity and composition.
Furthermore, the spatial variability within Los Canarreos reefs may be driven by release of
nutrients from nearby wetlands (the Zapata Swamp, see below) and the hydrodynamic regime
created by the complex array of cays and channels. The variability in the Florida Keys may be
mostly impacted by increased concentrations of organic and inorganic macronutrients, higher
productivity, and/or terrestrial sources of sediments from developed land. The nearshore reefs in
the Florida Keys exhibited a few signs of microbialization, but this process was not as evident on
the Florida Keys offshore reefs surveyed in this study. The microbial regimes observed across
the reef-systems appear to be determined by the intersection of local anthropogenic impact as

well as oceanographic processes.

Biogeochemical and microbial features of Jardines de la Reina

15



332 A majority of the macronutrient concentrations were low or barely detectable in Jardines de la
333  Reina and are similar to concentrations measured in other oligotrophic systems including the
334  Sargasso Sea, the North Subtropical Pacific Gyre, the Red Sea, and other reefs in the Caribbean
335  and Pacific, suggesting rapid turnover of these nutrient pools by microorganisms (Lewis 1977;
336  Westrum and Meyers 1978; Sorokin 1995; Karl et al. 1996; Dore et al. 2008). Organic carbon
337  concentrations in JR (especially at JR 1 and 2) were similar to concentrations reported from a

338  reef-crest in Grand Cayman (Westrum et al. 1978).

339 Nutrient dynamics across JR are likely influenced by differences in hydrodynamics

340  between offshore forereefs and patch reefs within the JR gulf. The forereefs are flushed with

341  pelagic, oligotrophic seawater that is carried to them by the Caribbean current, whereas the patch
342  reefs within the gulf are influenced by productive mangrove forests and seagrass meadows that
343  have less contact with the open ocean. Entrainment of nutrients from these productive biomes
344  within the gulf and tidal flushing of these nutrients onto the forereefs are likely important

345  processes that influence primary productivity, microbial diversity and metabolism, and grazing

346  of cells by the reef community in Jardines de la Reina.

347 Picocyanobacterial abundances in Jardines de la Reina were similar to abundances

348  observed within oligotrophic open-ocean environments (DuRand et al. 2001; Zinser et al. 20006;
349  Charpy et al. 2012), but were two orders of magnitude higher than abundances detected in

350  seawater from Pacific reefs (Charpy et al. 2012). Furthermore, reef seawater collected from the
351  offshore forereefs in JR had high abundances of Prochlorococcus whereas there was a shift to
352  high, but variable abundances of Synechococcus in seawater collected from within the JR gulf.
353  This negative relationship between Prochlorococcus and Synechococcus has been observed

354  previously and tracks with increased macronutrient concentrations and proximity to land (Cox et
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al. 2006; Yeo et al. 2013). Additionally, the ratio of picocyanobacteria to unpigmented cells was
very similar between offshore and gulf reefs in JR, potentially indicating similar nutrient or
grazing controls on both populations. We expected that this change in the nutrient regime would
select for different ecotypes of Prochlorococcus, but all the sequences that identified as
Prochlorococcus were similar to MIT9313, a low-light adapted ecotype (Rocap et al. 2003). In
our study, there was a discrepancy between the trends observed in Prochlorococcus,
Synechoccocus, and unpigmented cell abundances determined using flow cytometry and
amplicon-based relative abundances. For example, cell counts for Prochlorococcus and
Synechoccocus were two orders of magnitude lower than unpigmented cells, yet they still
comprised a large portion of the bacterial and archaeal community based on relative abundances
generated from amplicon-based community analyses. This discrepancy likely arose because
amplicon-based sequencing data is not quantitative and cannot be directly compared with cell

abundance data, as has been observed previously (reviewed within Martiny et al. 2009).

Despite their prevalence on reefs, the ecological roles of Prochlorococcus and
Synechococcus within reef microbial communities have only been investigated in a few cases
(Charpy et al. 2012; McDole Somera et al. 2016). These picocyanobacteria are some of the most
important primary producers in reef seawater and they are directly and indirectly grazed by
single-celled eukaryotic heterotrophs, mixotrophic plankton, and reef organisms like corals and
sponges, effectively linking photosynthetically fixed carbon from the water column to animals
on the reef (Sorokin 1995; Ferrier-Pages and Gattuso 1998; Bertilsson et al. 2005; Patten et al.
2011; Charpy et al. 2012; McNally et al. 2017). The high prevalence of Prochlorococcus and
Synechococcus observed in this study demonstrates that picoyanobacterial dynamics on reefs

should be explored further from energetic as well as community network perspectives.
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Reef seawater from Jardines de la Reina had higher microbial alpha diversity and smaller
beta diversity compared to seawater from CAN and FK. There was also a negative relationship
between microbial alpha diversity and heterotrophic bacterial abundance between JR and FK,
indicating a potential trade-off between community alpha diversity and biomass across the
different reef-systems. The consistent supply of oligotrophic seawater from the Caribbean
current to JR forereefs likely enhances niche partitioning within microbial communities and
leads to higher alpha diversity. The hydrodynamic regime likely contributes to the high microbial
community similarity across this reef-system through mixing processes. On the opposite end of
the spectrum, in more disturbed and/or nutrient-rich environments within Los Canarreos or the
Florida Keys, microbial alpha diversity tends to be lower or the beta diversity is higher and more
variable, suggesting that disturbances on these reefs favor active growth of fewer dominant
microorganisms that outcompete other cells within the population for resources (Kearns et al.
2016; Reese and Dunn 2018). Additionally, genes indicative of photosynthesis and nitrogen
metabolism were enriched in JR compared to FK, indicating the importance of photosynthesis
and nitrogen acquisition in oligotrophic waters. Fewer genes were significantly enriched in JR
compared to FK as well, suggesting a higher degree of functional redundancy and homogeneity
across the more taxonomically diverse microbial communities in JR. The links between
microbial alpha diversity and functional diversity continue to be debated (Louca et al. 2018), but
our findings demonstrate that alpha diversity, in the context of reef microbial communities

surveyed in JR, CAN, and FK, may be a meaningful feature of protected reefs.

Potential influence of the nutrients from wetlands within Los Canarreos

Reef seawater microbial beta diversity was higher and more variable in Los Canarreos compared

to communities from Jardines de la Reina and the Florida Keys. In contrast, there was less
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variance in the inorganic and organic macronutrient concentrations, picocyanobacterial
abundances, and phytoplankton community compositions across Los Canarreos. Overall, CAN
reefs were less oligotrophic than the forereefs in Jardines de la Reina and the phytoplankton
community was mostly comprised of eukaryotic phytoplankton including diatoms and
dinoflagellates, suggesting episodic instances of high water-column productivity on these reefs.
Additionally, the productivity of seawater microbial communities in CAN could be stimulated by
nutrients and organic matter released from the Zapata Swamp, an extensive wetland (Galford et

al. 2018) that is located ~60 km from this reef-system.

Elevated nutrients near land in the Florida Keys

Nearshore reefs in the Florida Keys had the highest organic carbon, total organic nitrogen, and
silicate concentrations compared to all the other reefs in this study. In fact, the total organic
carbon and nitrogen concentrations were 2-3 times higher on the nearshore reefs compared to the
offshore reefs, on par with other observations within the Florida Keys (Szmant et al. 1996;
Briceno and Boyer 2015; Apprill et al. 2016). Terrestrial run-off and sediment intrusion are
likely partially responsible for the high TOC, TON, and silicate concentrations on these
nearshore reefs, but we cannot definitively discern the relative contributions of sediment vs.
biological productivity because we did not measure sediment load. Despite the elevated organic
carbon concentrations, community respiration rates were not higher, but more variable than rates

measured in reef seawater from JR and FK.

The most notable differences in reef seawater microbial community composition between
JR and FK included the decrease and absence of Prochlorococcus cells on the FK offshore and
nearshore reefs, increase in the relative composition of Bacteroidetes, and detection of

Roseibaccilus and Coraliomargarita, both members of the Verrumicrobia phylum, across all FK
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reefs. Bacteroidetes have been associated with marine particles and detected at high relative
abundances following phytoplankton blooms (Pinhassi et al. 2004; Teeling et al. 2012).
Furthermore, Bacteroidetes can degrade high molecular weight polymers as well as synthesize
adhesion proteins for attaching to particles (Fernandez-Gomez et al. 2013). Verrumicrobia are
also particle-associated, although they can be free-living, and typically recovered from terrestrial
soils (Bergmann et al. 2011; Freitas et al. 2012). That being said, Verrumicrobia are also
detected ubiquitously in seawater and at high relative abundances in coastal marine environments
(Freitas et al. 2012). Higher abundances of Bacteroidetes and Verrumicrobia suggest that there
are more particles in FK seawater compared to JR and CAN which corresponds with higher

nutrient availability and shifts in phytoplankton community composition.

In the Florida Keys, we observed higher total chlorophyll a concentrations and a
phytoplankton population mostly comprised of diatoms, dinoflagellates, and haptophytes. The
increased macronutrient concentrations likely enhance the growth of larger eukaryotic
phytoplankton and select against the growth of microbial cells that are not tolerant of higher
nutrient conditions. Additionally, there were more diverse functional metabolic pathways
enriched in FK compared to JR, in agreement with the premise that microbial communities living
in environments with more substrates available will have the functional capability to use the
available nutrients. Furthermore, genes involved in the pentose — phosphate pathway have been
positively correlated with algal cover on microbialized reefs (Haas et al. 2016) and we detected
enrichment of this pathway (pentose and glucoranate interconversions) in FK. Microorganisms
using the pentose-phosphate pathway can potentially catabolize more diverse carbon sources,
including carbohydrates released by algae (Haas and Wild 2010), and this strategy has been

shown to provide a selective advantage to microorganisms that need to grow faster than their
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competitors (Haas et al. 2016). We did not detect significant enrichment of virulence-associated
or pathogenic genes in seawater from the Florida Keys compared to Jardines de la Reina which is
contrary to other studies that have observed an increase in the abundance of these genes with reef
degradation or increased human impact (Dinsdale et al. 2008; Bruce et al. 2012; Kelly et al.

2012; Kelly et al. 2014; Moreira et al. 2015).

Revisiting the microbialization hypothesis in the context of different reef regimes

We hypothesized there would be significant increases in the abundance of heterotrophic bacteria,
enhanced community respiration, higher concentrations of inorganic and organic macronutrients,
and shifts from coral to algal dominance on the reefs along the gradient of human impact.
However, we did not observe significant changes in most of these parameters. Overall,
hydrogeography and subregion were the largest influences contributing to reef similarity.
Offshore reefs in both JR and the FK were oligotrophic, had high abundances of
picocyanobacteria, high microbial alpha diversity, and more constrained microbial beta diversity,
although the magnitudes of the contrasts were different within each reef-system. The only reefs
that supported some of the predictions of the DDAM model were the nearshore reefs in the
Florida Keys. These two nearshore reefs had significantly higher concentrations of organic
macronutrients, very low abundances of Prochlorococcus, and significant enrichment of particle-
associated and copiotrophic microbial taxa. Our observations indicate that the process of
microbialization on reefs may be more nuanced and that there are additional aspects of
hydrogeography that impact these processes, resulting in different reef regimes. In this study, we
surveyed a spectrum of reef regimes across JR, CAN, and FK, but we recognize that some
subregions (e.g. JR offshore, JR gulf, FK nearshore) have fewer data points compared to the

other categories due to sampling limitations and that care needs to be taken when interpreting the
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statistical differences between subregions. That being said, measurements from these locations
were similar within each subregion and are likely representative of the environmental conditions.
However, future studies would benefit from collecting samples at a higher spatial or temporal
resolution in order to unravel the process of microbialization on reefs. Additionally, there are
other examples of reefs that are subjected to high loads of organic and inorganic nutrients as well
as pollution, like Vardero reef in Colombia (Pizarro et al. 2017) or reefs subjected to upwelling
events (Leichter et al. 2003; Stuhldreier et al. 2015). Comparisons of microbial community
dynamics between these drastically different reef regimes like Vardero reef with Jardines de la
Reina would extend our knowledge of how microbial communities contribute to energy cycling

and reef health.

Relating and applying back to the reef

Coral and algal coverage varied locally (also observed by Caballero Aragdn et al. 2019), but did
not change drastically across reef-systems, indicating that these metrics may not be the most
immediate and sensitive measure of reef health. Additionally, our observations of coral and algal
cover are in agreement with another study examining coral diversity and cover on reef-systems
surrounding the island of Cuba (Gonzalez-Diaz et al. 2018). Furthermore, coral cover on JR reefs
was lower than the historical baseline of ~50% cover in the Caribbean (Gardner et al. 2003) and
there were observations of bleaching and coral disease, indicating that even the remote reefs of
Jardines de la Reina are impacted by environmental change and disease (Ferrer et al. 2016;
Gonzalez-Diaz et al. 2018). In addition to coral cover, other aspects of reef composition,
including taxonomic or functional compositions of corals, macroalgae and turf algae, and macro-
invertebrates, can serve as important metrics of reef health (Smith et al. 2016). Fish abundances

and diversity are also used as metrics for reef health and other studies have found that
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abundances of commercially valuable and larger fish are higher on some reefs located within the
JR National Park (Pina-Amargos et al. 2014; Valdivia et al. 2017). That being said, we are
lacking an understanding of how the diversity and abundance of fish correlate with reef

biogeochemistry and microbial ecology and this should be addressed by future studies.

Reef microbial ecology may instead be a more immediate and sensitive measure of reef
health than coral cover or vertebrate abundance. A growing body of research has introduced the
concept of using microorganisms as bioindicators on reefs (reviewed within Glasl et al. 2017) as
well as to predict changes in environmental conditions (Glasl et al. 2019) and the research
presented here builds upon this knowledge. We have demonstrated that the microbial signatures
of high alpha diversity, high community similarity, and high prevalence of Prochlorococcus may
be important indicators for reef managers and restoration specialists to acknowledge. For
example, there is significant interest in restoring reefs by outplanting coral colonies onto existing
reefs. While general oceanographic conditions are sometimes considered when defining sites for
these efforts, reef seawater microbial ecology is not typically factored into these site decisions.
As additional datasets like the one presented here emerge and we further link microbial dynamics
to reef health, microbial ecology may become a more prevalent and defining factor in reef

restoration efforts.

Methods

Reef surveys and sample collection

We conducted two separate research expeditions to JR (February 2015) and CAN/FK (April/May
2015) during the Caribbean dry season. Due to sampling limitations within JR, we were only

able to survey and collect samples from two reef sites in the JR offshore subregion and four reefs
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within the JR gulf subregion. Scuba divers conducted reef surveys at all JR and five CAN reef
locations to assess the percent cover of different reef organisms and substrates (Supporting
Information Methods). Coverage of a wider diversity of biotypes was assessed at FK reefs using

the same methods, but with a different research team (Supporting Information Methods).

At each reef location, hydrographic profiles of the water column were obtained and
seawater from surface (<1 m depth) and reef-depth (~ 1 m above reef ) was collected for a
variety of different analyses (Table S1, Supporting Information Methods). Seawater (4 1 for each
depth) was collected using a submersible groundwater pump (Mini-monsoon sampling pump,
Proactive Environmental Products) and replicate 2 | samples were each filtered onto 0.22 um
pore size, 25 mm Supor® filters (Pall Corporation). Filters were stored in cryovials, flash frozen
in liquid nitrogen, transported in a dry-shipper in the field, and stored at -80 °C until DNA was
extracted. Additionally, 20 1 seawater from each site was filtered onto 0.1 pm pore size, 142 mm
Supor® filters for shotgun metagenomic sequencing. Smaller-volume (1 ml) seawater samples
were collected and preserved with 1% PFA (final concentration) for flow cytometry (Supporting
Information Methods). Seawater (2 — 4 1) was also filtered onto 25 mm Whatman® GF/F glass
microfiber filters (GE Healthcare Life Sciences) for phytoplankton pigment analyses. Seawater
samples were collected in duplicate from both depths at each reef for analysis of organic and

inorganic macronutrients (Supporting Information Methods).
Macronutrient analysis

Total non-purgeable organic carbon (TOC) and total nitrogen (TN; organic and inorganic)
concentrations were measured using a Shizmadu TOC-Vcsh total organic carbon analyzer
(Hansell and Carlson 2001). Concentrations of inorganic macronutrients (PO4*", NO2+NOs",

NOy, NH4, silicate) were analyzed using a continuous segmented flow system (as described
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within Apprill and Rappé 2011). Nitrate (NO3") concentrations for each sample were calculated
by subtracting the NO>" concentration from the NO>+NO3" concentration. Total organic nitrogen
concentrations were calculated by subtracting the sum of the inorganic nitrogen species
concentrations (NO2+NO3 and NH4") from the total nitrogen (TN) concentrations for each

sample.

Phytoplankton pigments

Pigment analysis was conducted using High Performance Liquid Chromatography (Van
Heukelem and Thomas 2001). The Chemtax addition to the R-package limSolve (Soetaert et al.
2009), based on the program CHEMTAX (Mackey et al. 1996), was used to estimate the algal
composition of chlorophytes, cyanobacteria, diatoms, cryptophytes, dinoflagellates, haptophytes
1- 4, and pasinophytes within each sample based upon the concentrations of 12 different
pigments (Pinckney et al. 2015). The initial pigment ratio matrix used to evaluate phytoplankton
composition was taken from Pickney et al. (2015). The converged initial pigment ratio matrix
was used because the phytoplankton assemblages in these samples were not determined with a

microscope.

Cell abundances

Samples collected for cell counts were analyzed with an Altra flow cytometer (Beckman
Coulter) and a laser excitation wavelength of 488. Unstained and stained (SybrGreen I,
Invitrogen™) subsamples were analyzed to estimate the abundance of picocyanobacteria
(Prochlorococcus, Synechococcus), picoeukaryotes, and unpigmented cells (proxy for
heterotrophic bacterial abundance) (Marie et al. 1997), respectively. Fluorescence spectra were

binned, analyzed, and transformed into abundances using FlowJo (v. 6.4.7) software. Total

25



560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

abundances of cells per sample were calculated by adding the abundances for each picoplankton
class together. Estimates of the carbon biomass were calculated by multiplying the abundances
of Prochlorococcus, Synechococcus, and unpigmented cells by a carbon conversion factor and
then converting the concentration of carbon to micrograms per liter of seawater. The carbon
conversion factors for each cell type included: 30 fg of carbon per Prochlorococcus cell, 200 fg
of carbon per Synechococcus cell, and 10 fg of carbon per unpigmented cell (Fukuda et al. 1998;

Cermak et al. 2017).
Microbial community sequencing and analysis using 16S rRNA gene surveys

DNA was extracted from filters using two different DNA extraction methods in order to increase
DNA yield (Santoro et al. 2010; Urakawa et al. 2010). DNA was extracted from duplicate
samples taken at each site and depth to assess reproducibility between samples. Purified DNA
from the two different extraction methods was pooled per sample using the Genomic DNA Clean
and Concentrator kit (Zymo Research Corporation), quantified using the Qubit 2.0 HS dsDNA
assay (ThermoFisher Scientific), and screened for quality using gel electrophoresis (1% TBE
agarose gel) and the HyperLadder™ 1kb marker (Bioline) as a size reference. DNA extraction
and pooling controls (9) were also created to control for potential contamination from reagents.
Lastly, genomic DNA from a microbial mock community (HM-278D, BEI Resources) was

included in the final sample array to account for amplification and sequencing error.

Extracted DNA was amplified and sequenced at the W. M. Keck Center for Comparative
and Functional Genomics (University of Illinois, Urbana, IL). Briefly, V4 hypervariable regions
of the 16S rRNA gene were amplified using the Fluidigm® microfluidics quantitative PCR
platform and prepared for 2x250 bp paired-end Illumina MiSeq sequencing (Supporting

Information Methods). The Fluidgim V4 primer set 515F-Y: 5'-GTGYCAGCMGCCGCGGTAA
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(Parada et al. 2016) and 806RB: 5'-GGACTACNVGGGTWTCTAAT (Apprill et al. 2015),
accompanied with Illumina adapters, index, pad, and linker sequences, were used for
amplification (Kozich et al. 2013). Primer-sorted and demultiplexed sequences were quality-
filtered using mothur v.1.36.1 (Schloss et al. 2009). Forward and reverse reads were united and
locus-specific forward and reverse primers were removed. Reads with ambiguous positions or
exceeding 275 bp in length were removed. Next, unknown, mitochondria, or eukaryotic
sequences were identified (method = ‘knn’) using the Silva database v119 (Quast et al. 2013) and
removed. UCHIME (Edgar et al. 2011) was used to identify and remove chimeric reads
(reference = self). Sequences detected in the DNA extraction and pooling controls are believed to
originate from amplicon contamination during sample processing or cross-talk between
multiplexed samples during sequencing (Wright and Vetsigian 2016) due to their classification
as marine bacteria (unclassified Rhodobacteraceae, Flavobacteria, and SAR11). To be
conservative, these sequences were removed from all samples (146,540 reads; 3% of dataset,
accounting for 107 MED nodes). This removal occurred prior to subsampling so that it had a
minimal impact on subsequent analyses. Mock community samples were removed from the
dataset prior to read clustering and analyzed separately. The sequencing error rate was 0.0027.
Sequences were then subsampled to 8,500 reads per sample to minimize the impacts of uneven
sequence coverage across samples, but retain as many samples within the dataset as possible.
Sequences were clustered into biologically meaningful groups (MED nodes) using Minimum
Entropy Decomposition (MED) (Eren et al. 2015). Sequences representing each MED node were
classified in mothur (Silva v119, method = ‘knn’) and this information, along with the read

counts and relative abundances, was used for microbial community analysis (Supporting
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Information Methods). Raw sequences were deposited in the NCBI Sequence Read Archive

(SRA) under BioProject PRINA517146.

Metagenomic sequencing

Total genomic DNA was extracted from nine reef-depth seawater samples from JR (n=4) and FK
(n=5) using a modified cetyl-trimethylammonium bromide (CTAB) - phenol: chloroform:
isoamyl alcohol extraction (Supporting Information Methods). No samples from CAN were
chosen because the DNA extracted from CAN yielded 16S rDNA sequences that were highly
variable between sites. Genomic libraries were prepared using the Hyper Library construction kit
(Kapa Biosystems, Inc, Wilmington, MA, USA) and sequenced at the W. M. Keck Center using
2x150 bp paired-end Illumina HiSeq 4000 sequencing. Fastq files were demultiplexed, and
library adaptors were trimmed from the 3’ ends of the reads (Supporting Information Methods).
BBTools (Bushnell 2016) was used to remove residual sequence adaptors (ktrim=r k=23
mink=11 hdist=1 tpe tbo) as well as trim reads using the Phred algorithm (qtrim=rl trimq=10).
The program FMAP (Kim et al. 2016) was used to assign KEGG orthologs to the metagenomic
reads using DIAMOND (Buchfink et al. 2015) as well as identify significantly different KEGG
orthologs, KEGG pathways, and KEGG operons between JR and FK reef-depth seawater
metagenomes (Kruskal — Wallis test; p-value<0.05, FDR adjusted to control for false positives).

Raw files can also be found in SRA under bioProject PRINA517146.

Community respiration measurements

Seawater samples (4 - 6 per site) were collected from reef-depth using a submersible
groundwater pump and kept in the dark. Respiration rates incubations (~24 hours) were

conducted with ~5X replication with water collected from 19 reefs in acid cleaned 60 ml glass

28



627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

Biological Oxygen Demand bottles with glass stoppers. Incubations using water from sites 2, 12,
and 24 were conducted twice. Acid-washed bottles were equipped with oxygen optode 'dot'
sensors (PreSens) affixed to the glass using food-grade silicone adhesive. In the laboratory, the
perimeter of the glass stopper was filled with water using a squeeze bottle to prevent gas
exchange between the water in the bottle and the atmosphere. The concentration of oxygen in the
bottles was measured over time using a handheld Fibox 4 (PreSens). Incubations were conducted
in a static water bath in a darkened cooler located inside a darkened room at as close to in situ
temperatures as possible in the remote location. The incubation temperatures were 26.6 + 0.5 °C
(JR), 25.0 £ 0.2 °C (CAN), and 26.5 = 0.5 °C (FK). Initial oxygen measurements were taken
every hour (h) for the first 4 h, and then approximately every 4 h after that. Ten oxygen
measurement readings were taken for each incubation bottle at each timepoint. Prior to
calculating respiration rates, oxygen data were quality controlled to remove any individual
readings greater than one standard deviation from the mean value at a given timepoint. Linear
fitting to the time course oxygen data was done in MATLAB (v. v7.13, MathWorks, Inc.) using

the "polyfit' function.

Statistical analyses

Due to the scope and breadth of this complex and nuanced dataset with sampling limitations, we
implemented different statistical tests suitable for each dataset (e.g. inorganic nutrients, cell
abundances, microbial community analysis) and tested for significance across different
qualitative (e.g. subregion, reef-system) and quantitative (e.g. total organic carbon
concentrations) parameters. To compare differences in reef cover, macronutrient concentrations,
and cell abundances, data were inspected for normality using Shapiro-Wilk normality tests.

Normally distributed data was tested using analysis of variance tests (ANOVA) followed by
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post-hoc Tukey multiple comparisons of means tests using a 95% family-wise confidence level
(adjusted p value<0.05). For data that was not normally distributed, Kruskal — Wallis rank sum
tests, followed by either Dunn’s or Conover-Iman tests using Bonferroni corrections were used
to assess significant differences (adjusted p-value<0.05). We recognize that JR offshore and JR
gulf subregions have fewer data points compared to the other categories, but measurements from
these locations were similar within each subregion and are likely representative of the
environmental conditions. We performed linear regressions using ggplot2, geom_smooth and the
method = “Im” (Wickham 2016) to investigate relationships between coral cover and
picoplankton abundances, algal cover and total organic carbon concentrations, and unpigmented
cell abundances and bacterial and archaeal observed richness. A principal components analysis
(PCA) was conducted with biogeochemical, physicochemical, and microbial abundance data to
assess collinearity between variables and to investigate which variables contributed to the most

variation in both dimensions (Figure S6).

Amplicon-based microbial community statistical analyses were completed using R studio
(R Core Development Team 2017). Reads identifying as chloroplasts (average 275 + 198 reads
per sample; 3% of all subsampled sequences) were removed from the dataset prior to beginning
the analyses. Non-metric multidimensional scaling (NMDS) was conducted using the Bray-
Curtis dissimilarity index and covariance matrices for each group were plotted as 95%
confidence ellipses using ‘vegan’ (as in Eren et al. 2015; Oksanen et al. 2017). The ‘vegan’
package was also used to calculate the multivariate homogeneity of groups dispersions by
subregion (function ‘betadisper’) and is defined as the average distance of group members to the
group centroid (Oksanen et al. 2017). In addition, environmental vectors correlating maximally

with each environmental variable were fit onto the NMDS ordination using the “envfit” function
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in ‘vegan’ (R? value indicates the scaled correlation coefficient). Reef-depth seawater collected
from site FK 23 were omitted from the analysis because reef-depth TOC was not collected from
this site. Nested PERMANOVA (Adonis) tests, also available within ‘vegan’, were conducted
using the Bray-Curtis dissimilarity index (999 permutations) (p<0.05). To conduct this test, the
factors reef-depth, reef location, and subregion were nested within region (reef-system). The
package ‘phyloseq’ (McMurdie and Holmes 2013) was used to calculate alpha richness. DESeq2
was used to identify significantly differently enriched MED nodes between JR and FK reef-depth
seawater using default parameters with a “local” fit trend line (Love et al. 2014). This procedure
is able to identify significantly differentially rich taxa even if they are at low relative abundances
and is useful for investigating MED-specific differences in cryptic members of the community.
Samples collected in CAN were not subjected to DESeq2 analysis due to the lower number of

samples.
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Figure legends

Fig. 1. Overview map of the reef-systems (A) and reef locations studied: B) Florida Keys (FK),
Florida, USA, C) Los Canarreos (CAN), Cuba, and D) Jardines de la Reina (JR), Cuba. Outlined
shapes in B) and D) delineate the two subregion reef groupings within the Florida Keys

(nearshore and offshore) and Jardines de la Reina (offshore and gulf).

Fig. 2. Comparison of mean coral and algal cover of the reefs indicates that Jardines de la Reina
(JR) and the Florida Keys (FK) have similar coral and algal cover, whereas the Los Canarreos
reef-system has significantly lower coral cover and higher algal cover. Reef-systems with
different letters are significantly different from each other (Kruskal-Wallis rank sum test,
Dunn’s test with Bonferroni corrections; ANOVA, Tukey’s multiple comparisons of means test;
p <0.05) and are indicated by the letters A and B. Error bars reflect standard deviation in percent

COovCer.

Fig. 3. Comparison of seawater organic matter and nutrient concentrations across the reefs shows
differential concentrations between the reef-systems. Measurements include A) total organic
carbon (TOC), B) total organic nitrogen (TON), C), phosphate (PO4*) and D) inorganic nitrogen
(NO2 + NOs3 + NH4"). Lower and upper edges of the boxplot correspond to the first and third
quartiles, the whiskers extend to the largest or smallest value at 1.5 times the interquartile, and
the black bar across the box represents the median. Boxplots with different letters denote
concentrations that are significantly different from each other (ANOVA, Tukey’s HSD test, p <
0.05) within each plot.
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Fig. 4. Differential microbial abundances and their carbon contributions in seawater across
different reef subregions for A, B) Prochlorococcus and C, D) Synechococcus. Unpigmented cell
abundance (largely heterotrophic bacteria and archaea) are shown in E). Lower and upper edges
of the boxplot correspond to the first and third quartiles, the whiskers extend to the largest or
smallest value at 1.5 times the interquartile, and the black bar across the box represents the
median. Boxplots and violin plots with different letters are significantly different from each other

(Kruskal-Wallis Rank Sum test and Conover-Iman or Dunn’s tests, p < 0.05).

Fig. 5. Relative abundance of phytoplankton groups across the reefs as determined by pigment

analysis. Site numbers with either an A or B were sampled twice, but on different days.

Fig. 6. Microbial species richness (alpha diversity), as indicated by the number of bacterial and
archaeal SSU rRNA gene amplicons grouped into minimum entropy decomposition (MED)
nodes, is significantly highest in the Jardines de la Reina offshore reefs compared to the other
reefs. Lower and upper edges of the boxplot correspond to the first and third quartiles, the
whiskers extend to the largest or smallest value at 1.5 times the interquartile, and the black bar
across the box represents the median. Boxplots with different letters are significantly different
from each other (Kruskal-Wallis rank sum test, Dunn’s test using Bonferroni corrections p <

0.05).

Fig. 7. Bacterial and archaeal community beta diversity and Bray-Curtis microbial community
dispersion between the reefs. A) Non-metric multidimensional scaling analysis (NMDS) of reef
seawater bacterial and archaeal SSU rRNA gene amplicons grouped into MED nodes and
compared using Bray-Curtis dissimilarity. Confidence ellipses are drawn using the subregion
category (using the covariance matrix), the region is indicated by color, and depth and region

information for each sample is indicated by the symbol. Samples that are located outside of the
33



741  covariance ellipse are labeled with the reef number where they were collected. B) Boxplots of
742 the microbial community dispersion within each reef grouping. Lower and upper edges of the
743 boxplot correspond to the first and third quartiles, the whiskers extend to the largest or smallest

744  value at 1.5 times the interquartile, and the black bar across the box represents the median.

745  Fig. 8. Logo fold change of the 44 significantly enriched MED nodes detected within Jardines de
746  la Reina (JR) compared to the Florida Keys (FK) reef-depth seawater. Taxa are labeled using the
747  highest resolved level of taxonomic annotation and colors indicate phyla or subphyla

748  membership. Taxa identified to genus are plotted.

749  Fig. 9. Comparison of the reef-depth seawater metagenomes showed 163 significantly different
750  KEGG orthologs (KOs) between Jardines de la Reina and the Florida Keys. KO abundances
751  were scaled using the 10th and 90th quantiles of the data for visualization. The dendrogram

752 reflects hierarchical clustering of the samples using the ‘hclust’ function in R.

753 Fig. 10. Comparison of net community respiration rates for reef-depth seawater across reef-
754  systems. Lower and upper edges of the boxplot correspond to the first and third quartiles, the
755  whiskers extend to the largest or smallest value at 1.5 times the interquartile, and the black bar
756  across the box represents the median. Reef sites with either an A or B after the number were
757  sampled twice, but on different days. All incubations were completed with reef seawater

758  collected in the morning with the exception of one incubation at site 2 that was collected in the

759  afternoon (labeled as ‘2_pm’).

760  Fig. 11. Negative regressions between bacterial and archaeal richness and abundance of

761  unpigmented cells across the three reef-systems. Symbols that lie outside the line are labeled
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with the site number and depth. S denotes surface and R denotes reef-depth samples. A) includes

only Jardines de la Reina and Florida Keys samples. B) includes samples from all reef-systems.

References

Apprill, A., and Rappé, M.S. (2011) Response of the microbial community to coral spawning in
lagoon and reef flat environments of Hawaii, USA. Aquat Microb Ecol 62: 251-266.

Apprill, A., Weber, L.G., and Santoro, A.E. (2016) Distinguishing between microbial habitats
unravels ecological complexity in coral microbiomes. mSystems 1: €00143-00116.

Apprill, A., McNally, S., Parsons, R., and Weber, L. (2015) Minor revision to V4 region SSU
rRNA 806R gene primer greatly increases detection of SAR11 bacterioplankton. Aquat Microb
Ecol 75: 129-137.

Ault, J.S., Bohnsack, J.A., and Meester, G.A. (1998) A retrospective (1979 - 1996) multispecies
assessment of coral reef fish stocks in the Florida Keys. Fish Bull 96: 395-414.

Ault, J.S., Smith, S.G., Bohnsack, J.A., Luo, J., Harper, D.E., and McClellan, D.B. (2006)
Building sustainable fisheries in Florida’s coral reef ecosystem: positive signs in the Dry
Tortugas. B Mar Sci 78: 633-654.

Baisre, J. (2017) An overview of Cuban commercial marine fisheries: the last 80 years. B Mar
Sci.

Barott, K.L., and Rohwer, F.L. (2012) Unseen players shape benthic competition on coral reefs.
Trends Microbiol 20: 621-628.

Bergmann, G.T., Bates, S.T., Eilers, K.G., Lauber, C.L., Caporaso, J.G., Walters, W.A. et al.
(2011) The under-recognized dominance of Verrucomicrobia in soil bacterial communities. Soil

Biol Biochem 43: 1450-1455.

35



784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

Bertilsson, S., Berglund, O., Pullin, M.J., and Chisholm, S.W. (2005) Release of dissolved
organic matter by Prochlorococcus. Vie Et Milieu 55: 225-231.

Briceno, H.O., and Boyer, J.N. (2015) 2014 annual report of the water quality monitoring project
for the water quality protection program of the Florida Keys National Marine Sanctuary. In.
Bruce, T., Meirelles, P.M., Garcia, G., Paranhos, R., Rezende, C.E., de Moura, R.L. et al. (2012)
Abrolhos bank reef health evaluated by means of water quality, microbial diversity, benthic
cover, and fish biomass data. PLoS One 7: €36687.

Buchfink, B., Xie, C., and Huson, D.H. (2015) Fast and sensitive protein alignment using
DIAMOND. Nat Methods 12: 59-60.

Bushnell, B. (2016) BBMap short read aligner.

Caballero Aragon, H., Armenteros, M., Perera Valderrama, S., Rey Villiers, N., Cobian Rojas,
D., Campos Verdecia, K., and Alcolado Menéndez, P.M. (2019) Ecological condition of coral
reef assemblages in the Cuban Archipelago. Marine Biology Research: 1-13.

Carpenter, R.C. (1988) Mass mortality of a Caribbean sea urchin: immediate effects on
community metabolism and other herbivores. P Natl Acad Sci USA 85: 511-514.

Cermak, N., Becker, J.W., Knudsen, S.M., Chisholm, S.W., Manalis, S.R., and Polz, M.F. (2017)
Direct single-cell biomass estimates for marine bacteria via Archimedes' principle. ISME J 11:
825-828.

Charpy, L., Casareto, B.E., Langlade, M.J., and Suzuki, Y. (2012) Cyanobacteria in Coral Reef
Ecosystems: A Review. Journal of Marine Biology 2012: 1-9.

Cox, E.F., Ribes, M., and Kinzie III, R.A. (2006) Temporal and spatial scaling of planktonic

responses to nutrient inputs into a subtropical embayment. Mar Ecol Prog Ser 324: 19-35.

36



806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

Dinsdale, E.A., Pantos, O., Smriga, S., Edwards, R.A., Angly, F., Wegley, L. ef al. (2008)
Microbial ecology of four coral atolls in the Northern Line Islands. PLoS One 3: e1584.

Dore, J.E., Letelier, R.M., Church, M.J., Lukas, R., and Karl, D.M. (2008) Summer
phytoplankton blooms in the oligotrophic North Pacific Subtropical Gyre: Historical perspective
and recent observations. Prog Oceanogr 76: 2-38.

DuRand, M.D., Olson, R.J., and Chisholm, S.W. (2001) Phytoplankton population dynamics at
the Bermuda Atlantic Time-series station in the Sargasso Sea. Deep-Sea Res Pt 11 48: 1983-2003.
Edgar, R.C., Haas, B.J., Clemente, J.C., Quince, C., and Knight, R. (2011) UCHIME improves
sensitivity and speed of chimera detection. Bioinformatics 27: 2194-2200.

Eren, A.M., Morrison, H.G., Lescault, P.J., Reveillaud, J., Vineis, J.H., and Sogin, M.L. (2015)
Minimum entropy decomposition: unsupervised oligotyping for sensitive partitioning of high-
throughput marker gene sequences. ISME J 9: 968-979.

Fernandez-Gomez, B., Richter, M., Schuler, M., Pinhassi, J., Acinas, S.G., Gonzalez, J.M., and
Pedros-Alio, C. (2013) Ecology of marine Bacteroidetes: a comparative genomics approach.
ISME J7:1026-1037.

Ferrer, V.M., Gonzalez-Diaz, S.P., Hernandez-Fernandez, L., Siciliano, D., Bretos, F., Apprill,
A. et al. (2016) Salud de las comunidades de corales en arrecifes de Jardines de la Reina - Golfo
de Ana Maria, region sur-central de Cuba. Revista Investigaciones Marinas 36: 34-53.
Ferrier-Pages, C., and Gattuso, J.P. (1998) Biomass, production and grazing rates of pico- and
nanoplankton in coral reef waters (Miyako Island, Japan). Microb Ecol 35: 46-57.

Freitas, S., Hatosy, S., Fuhrman, J.A., Huse, S.M., Welch, D.B., Sogin, M.L., and Martiny, A.C.

(2012) Global distribution and diversity of marine Verrucomicrobia. ISME J 6: 1499-1505.

37



828  Fukuda, R., Ogawa, H., Nagata, T., and Koike, I. (1998) Direct determination of carbon and
829  nitrogen contents of natural bacterial assemblages in marine environments. Appl Environ

830  Microbiol 64: 3352-3358.

831  Galford, G.L., Fernandez, M., Roman, J., Monasterolo, 1., Ahamed, S., Fiske, G. et al. (2018)
832  Cuban land use and conservation, from rainforests to coral reefs. B Mar Sci 94: 000—-000. 2018.
833  Gardner, T.A., Cote, LM., Gill, J.A., Grant, A., and Watkinson, A.R. (2003) Long - term region
834  wide declines in Caribbean corals. Science 301: 958-960.

835  Glasl, B., Webster, N.S., and Bourne, D.G. (2017) Microbial indicators as a diagnostic tool for
836  assessing water quality and climate stress in coral reef ecosystems. Marine Biology 164.

837  Glasl, B., Bourne, D.G., Frade, P.R., Thomas, T., Schaffelke, B., and Webster, N.S. (2019)

838  Microbial indicators of environmental perturbations in coral reef ecosystems. Microbiome 7: 94.
839  Gonzalez-Diaz, P., Gonzalez-Sanson, G., Aguilar Betancourt, C., Alvarez Fernandez, S., Perera
840  Pérez, O., Hernandez Fernandez, L. et al. (2018) Status of Cuban coral reefs. B Mar Sci.

841  Guannel, G., Arkema, K., Ruggiero, P., and Verutes, G. (2016) The Power of Three: Coral

842  Reefs, Seagrasses and Mangroves Protect Coastal Regions and Increase Their Resilience. PLoS
843  One 11: e0158094.

844  Haas, A.F., Fairoz, M.F., Kelly, L.W., Nelson, C.E., Dinsdale, E.A., Edwards, R.A. et al. (2016)
845  Global microbialization of coral reefs. Nat Microbiol 1: 16042.

846  Haas, A.S., and Wild, C. (2010) Composition analysis of organic matter released by

847  cosmopolitan coral reef-associated green algae. Aquatic Biology 10: 131-138.

848  Hansell, D.A., and Carlson, C.A. (2001) Biogeochemistry of total organic carbon and nitrogen in

849  the Sargasso Sea: control by convective overturn. Deep-Sea Res 11 48: 1649-1667.

38



850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

Hughes, T.P., Rodrigues, M.J., Bellwood, D.R., Ceccarelli, D., Hoegh-Guldberg, O., McCook,
L. et al. (2007) Phase shifts, herbivory, and the resilience of coral reefs to climate change. Curr
Biol 17: 360-365.

Jackson, J.B.C., Kirby, M.X., Berger, W.H., Bjorndal, K.A., Botsford, L.W., Bourque, B.J. et al.
(2001) Historical Overfishing and the Recent Collapse of Coastal Ecosystems. Science 293: 629-
638.

Karl, D.M., Christian, J.R., Dore, J.E., Hebel, D.V., Letelier, R.M., Tupas, L.M., and Winn, C.D.
(1996) Seasonal and interannual variability in primary production and particle flux at Station
ALOHA. Deep-Sea Res Pt 11 43: 539-568.

Kearns, P.J., Angell, J.H., Howard, E.M., Deegan, L.A., Stanley, R.H.R., and Bowen, J.L. (2016)
Nutrient enrichment induces dormancy and decreases diversity of active bacteria in salt marsh
sediments. Nat Commun 7.

Kelly, L.W., Barott, K.L., Dinsdale, E., Friedlander, A.M., Nosrat, B., Obura, D. ef al. (2012)
Black reefs: iron-induced phase shifts on coral reefs. ISME J 6: 638-649.

Kelly, L.W., Williams, G.J., Barott, K.L., Carlson, C.A., Dinsdale, E.A., Edwards, R.A. et al.
(2014) Local genomic adaptation of coral reef-associated microbiomes to gradients of natural
variability and anthropogenic stressors. Proc Natl Acad Sci U S A 111: 10227-10232.

Kim, J., Kim, M.S., Koh, A.Y., Xie, Y., and Zhan, X. (2016) FMAP: Functional Mapping and
Analysis Pipeline for metagenomics and metatranscriptomics studies. BMC Bioinformatics 17:
420.

Kozich, J.J., Westcott, S.L., Baxter, N.T., Highlander, S.K., and Schloss, P.D. (2013)

Development of a dual-index sequencing strategy and curation pipeline for analyzing amplicon

39



872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

887

888

889

890

891

892

sequence data on the MiSeq [llumina sequencing platform. App! Environ Microbiol 79: 5112-
5120.

Lapointe, B.E., and Clark, M.W. (1992) Nutrient inputs from the watershed and coastal
eutrophication in the Florida Keys. Estuaries 15: 465-476.

Lapointe, B.E., Barile, P.J., and Matzie, W.R. (2004) Anthropogenic nutrient enrichment of
seagrass and coral reef communities in the Lower Florida Keys: discrimination of local versus
regional nitrogen sources. J Exp Mar Biol Ecol 308: 23-58.

Leeworthy, V.R., Loomis, D.K., and Paterson, S.K. (2010) Linking the economy and the
environment of Florida Keys/Key West. In Visitor profiles: Florida Keys/ Key West 2007-08:
National Oceanic and Atmospheric Administration.

Leichter, J.J., Stewart, H.L., and Miller, S.L. (2003) Episodic nutrient transport to Florida coral
reefs. Limnol Oceanogr 48: 1394-1407.

Lewis, J.B. (1977) Processes of organic production on coral reefs. Biological Reviews 52: 305-
347.

Louca, S., Polz, M.F., Mazel, F., Albright, M.B.N., Huber, J.A., O'Connor, M.I. et al. (2018)
Function and functional redundancy in microbial systems. Nat Ecol Evol 2: 936-943.

Love, MLL., Huber, W., and Anders, S. (2014) Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol 15.

Mackey, M.D., Mackey, D.J., Higgins, H.-W., and Wright, S.W. (1996) CHEMTAX - A program
for estimating class abundances from chemical markers: Application to HPLC measurements of

phytoplankton. Mar Ecol Prog Ser 144: 265-283.

40



893

894

895

896

897

898

899

900

901

902

903

904

905

906

907

908

909

910

911

912

913

914

Marie, D., Partensky, F., Jacquet, S., and Vaulot, D. (1997) Enumeration and cell cycle analysis
of natural populations of marine picoplankton by flow cytometry using the nucleic acid stain
SYBR Green 1. Appl Environ Microb 63: 186-193.

Martiny, A.C., Tai, A.P., Veneziano, D., Primeau, F., and Chisholm, S.W. (2009) Taxonomic
resolution, ecotypes and the biogeography of Prochlorococcus. Environ Microbiol 11: 823-832.
McDole Somera, T., Bailey, B., Barott, K., Grasis, J., Hatay, M., Hilton, B.J. et al. (2016)
Energetic differences between bacterioplankton trophic groups and coral reef resistance. Proc
Biol Sci 283.

McDole, T., Nulton, J., Barott, K.L., Felts, B., Hand, C., Hatay, M. et al. (2012) Assessing coral
reefs on a Pacific-wide scale using the microbialization score. PLoS One 7: €43233.
McMurdie, P.J., and Holmes, S. (2013) phyloseq: an R package for reproducible interactive
analysis and graphics of microbiome census data. PLoS One 8: e61217.

McNally, S.P., Parsons, R.J., Santoro, A.E., and Apprill, A. (2017) Multifaceted impacts of the
stony coral Porites astreoides on picoplankton abundance and community composition. Limnol
Oceanogr 62: 217-234.

Miller, J., Muller, E., Rogers, C., Waara, R., Atkinson, A., Whelan, K.R.T. et al. (2009) Coral
disease following massive bleaching in 2005 causes 60% decline in coral cover on reefs in the
US Virgin Islands. Coral Reefs 28: 925-937.

Moreira, A.P., Meirelles, P.M., Santos Ede, O., Amado-Filho, G.M., Francini-Filho, R.B.,
Thompson, C.C., and Thompson, F.L. (2015) Turbulence-driven shifts in holobionts and
planktonic microbial assemblages in St. Peter and St. Paul Archipelago, Mid-Atlantic Ridge,

Brazil. Front Microbiol 6: 1038.

41



915

916

917

918

919

920

921

922

923

924

925

926

927

928

929

930

931

932

933

934

935

936

Mumby, P.J., Edwards, A.J., Arias - Gonzalez, J.E., Lindenman, K.C., Blackwell, P.G., Gall, A.
et al. (2004) Mangroves enhance the biomass of coral reef fish communities in the Caribbean.
Nature 427: 533-536.

Nelson, C.E., Alldredge, A.L., McCliment, E.A., Amaral-Zettler, L.A., and Carlson, C.A. (2011)
Depleted dissolved organic carbon and distinct bacterial communities in the water column of a
rapid-flushing coral reef ecosystem. ISME J 5: 1374-1387.

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D. et al. (2017)
vegan: community ecology package. R package version 2.4-5.

Parada, A.E., Needham, D.M., and Fuhrman, J.A. (2016) Every base matters: assessing small
subunit rRNA primers for marine microbiomes with mock communities, time series and global
field samples. Environ Microbiol 18: 1403-1414.

Patten, N.L., Wyatt, A.S.J., Lowe, R.J., and Waite, A.M. (2011) Uptake of picophytoplankton,
bacterioplankton and virioplankton by a fringing coral reef community (Ningaloo Reef,
Australia). Coral Reefs 30: 555-567.

Pina-Amargos, F., Gonzalez-Sanson, G., Martin-Blanco, F., and Valdivia, A. (2014) Evidence
for protection of targeted reef fish on the largest marine reserve in the Caribbean. PeerJ 2: €274.
Pinhassi, J., Sala, M.M., Havskum, H., Peters, F., Guadayol, O., Malits, A., and Marrase, C.
(2004) Changes in bacterioplankton composition under different phytoplankton regimens. Appl
Environ Microbiol 70: 6753-6766.

Pizarro, V., Rodriguez, S.C., Lopez-Victoria, M., Zapata, F.A., Zea, S., Galindo-Martinez, C.T.
et al. (2017) Unraveling the structure and composition of Varadero Reef, an improbable and

imperiled coral reef in the Colombian Caribbean. PeerJ 5: e4119.

42



937

938

939

940

941

942

943

944

945

946

947

948

949

950

951

952

953

954

955

956

957

958

959

Precht, W.F., Gintert, B.E., Robbart, M.L., Fura, R., and van Woesik, R. (2016) Unprecedented
Disease-Related Coral Mortality in Southeastern Florida. Sci Rep 6: 31374.

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P. et al. (2013) The SILVA
ribosomal RNA gene database project: improved data processing and web-based tools. Nucleic
Acids Res 41: D590-D596.

R Core Development Team (2017) R: A language and environment for statistical computing. In.
Vienna, Austria: R Foundation for Statistical Computing.

Reese, A.T., and Dunn, R.R. (2018) Drivers of Microbiome Biodiversity: A Review of General
Rules, Feces, and Ignorance. MBio 9.

Rocap, G., Larimer, F.W., Lamerdin, J., Malfatti, S., Chain, P., Ahlgren, N.A. et al. (2003)
Genome divergence in two Prochlorococcus ecotypes reflects oceanic niche differentiation.
Nature 424: 1042-1047.

Santoro, A.E., Casciotti, K.L., and Francis, C.A. (2010) Activity, abundance and diversity of
nitrifying archaea and bacteria in the central California Current. Environ Microbiol 12: 1989-
2006.

Schloss, P.D., Westcott, S.L., Ryabin, T., Hall, J.R., Hartmann, M., Hollister, E.B. et al. (2009)
Introducing mothur: open-source, platform-independent, community-supported software for
describing and comparing microbial communities. App! Environ Microbiol 75: 7537-7541.
Smith, J.E., Brainard, R., Carter, A., Grillo, S., Edwards, C., Harris, J. ef al. (2016) Re-
evaluating the health of coral reef communities: baselines and evidence for human impacts
across the central Pacific. Proc Biol Sci 283.

Soetaert, K., Van den Meersche, K., and van Oevelen, D. (2009) limSolve: Solving Linear

Inverse Models. R-package version 1.5.5.3. In.

43



960

961

962

963

964

965

966

967

968

969

970

971

972

973

974

975

976

977

978

979

980

981

Sorokin, Y.I. (1995) Role of plankton in the turnover of organic matter on the Great Barrier
Reef, Australia. Hydrobiologia 308: 35-44.

Sorokin, Y.I. (1995) Coral Reef Ecology: Springer-Verlag.

Stuhldreier, 1., Sanchez-Noguera, C., Rixen, T., Cortes, J., Morales, A., and Wild, C. (2015)
Effects of Seasonal Upwelling on Inorganic and Organic Matter Dynamics in the Water Column
of Eastern Pacific Coral Reefs. PLoS One 10: €0142681.

Szmant, A.M., and Forrester, A. (1996) Water column and sediment nitrogen and phosphorus
distribution patterns in the Florida Keys, USA. Coral Reefs 15: 21-41.

Teeling, H., Fuchs, B.M., Becher, D., Klockow, C., Gardebrecht, A., Bennke, C.M. et al. (2012)
Substrate-controlled succession of marine bacterioplankton populations induced by a
phytoplankton bloom. Science 336: 608-611.

Urakawa, H., Martens-Habbena, W., and Stahl, D.A. (2010) High abundance of ammonia-
oxidizing Archaea in coastal waters, determined using a modified DNA extraction method. Appl
Environ Microbiol 76: 2129-2135.

Valdivia, A., Cox, C.E., and Bruno, J.F. (2017) Predatory fish depletion and recovery potential
on Caribbean reefs. Science Advances 3: e1601303.

Van Heukelem, L., and Thomas, C.S. (2001) Computer-assisted high-performance liquid
chromatography method development with applications to the isolation and analysis of
phytoplankton pigments. J Chromatogr A 910: 31-49.

Westrum, B.L., and Meyers, P.A. (1978) Organic carbon content of seawater from over three
Caribbean reefs. B Mar Sci 28: 153-158.

Wickham, H. (2016) ggplot2: elegant graphics for data analysis. New York: Springer-Verlag.

44



982

983

984

985

986

987

988

989

Wright, E.S., and Vetsigian, K.H. (2016) Quality filtering of Illumina index reads mitigates
sample cross-talk. BMC Genomics 17: 876.

Yeo, S.K., Huggett, M.J., Eiler, A., and Rappe, M.S. (2013) Coastal bacterioplankton community
dynamics in response to a natural disturbance. PLoS One 8: €56207.

Zinser, E.R., Coe, A., Johnson, Z.1., Martiny, A.C., Fuller, N.J., Scanlan, D.J., and Chisholm,
S.W. (2006) Prochlorococcus ecotype abundances in the North Atlantic Ocean as revealed by an

improved quantitative PCR method. App! Environ Microbiol 72: 723-732.

45



